Reconstructing the early evolution of photosynthesis has been guided in part by the geological record, but the complexity and great antiquity of these early events require molecular genetic techniques as the primary tools of inference. Recent genome sequencing efforts have made whole genome data available from representatives of each of the five phyla of bacteria with photosynthetic members, allowing extensive phylogenetic comparisons of these organisms. Here, we have undertaken whole genome comparisons using maximum likelihood to compare 527 unique sets of orthologous genes from all five photosynthetic phyla. Substantiating recent whole genome analyses of other prokaryotes, our results indicate that horizontal gene transfer (HGT) has played a significant part in the evolution of these organisms, resulting in genomes with mosaic evolutionary histories. A small plurality phylogenetic signal was observed, which may be a core of remnant genes not subject to HGT, or may result from a propensity for gene exchange between two or more of the photosynthetic organisms compared.
INTRODUCTION
The origin of photosynthesis was an ancient event that had dramatic ramifications on the subsequent development and diversification of life. The ability to utilize solar energy to drive electron transport and thereby to drive metabolic redox reactions allowed primitive prokaryotes to expand beyond the confines of the resource-limited environments present on early Earth (Des Marais 2000). Anoxygenic photosynthesis, still carried out by most phototrophic bacteria, required electron donors (e.g. H 2 S, H 2 , Fe 21 ) characteristic of chemolithotrophic metabolism, necessitating access to geochemically driven, redox-rich environments (Gaidos et al. 1999) . However, the advent of oxygenic photosynthesis by the cyanobacteria and their progeny in large part bypassed this bottleneck by utilizing ubiquitous liquid H 2 O as an electron donor, giving rise to molecular O 2 as a by-product and thereby irrevocably altering the Earth's atmosphere (Blankenship 2002; Wolstencroft & Raven 2002) . Although the consequences of these events were momentous, for example in the evolution of eukaryotes, subsequent terrestrial colonization and development of complex organisms, the origin and evolution of photosynthesis has remained enigmatically enshrouded in its own antiquity.
MOLECULAR ANALYSIS OF THE FIVE LINEAGES OF PHOTOSYNTHETIC BACTERIA
The widespread use of rRNA sequence evolution as a proxy for organismal speciation has perplexed attempts to explain the distribution of photosynthesis (Olson & Pierson 1987; Oyaizu et al. 1987; Gupta et al. 1999; Baymann et al. 2001) . Compounding these difficulties has been the discovery of new phototrophs, including Chloroflexus aurantiacus, which, on the basis of 16S rRNA analysis appears to be the earliest branching of the photosynthetic bacteria (Woese 1987) , and the heliobacteria, a relatively latebranching Gram-positive family whose members possess the simplest known photosynthetic apparatus (Gest & Favinger 1983) . Phototrophy is widely and paraphyletically distributed among different classes of proteobacteria, and this, along with similarities in their reaction centres and light harvesting systems, leads to speculation that the proteobacterial ancestor was a phototroph and that selective loss accounts for the mottled distribution of photosynthesis (Woese 1987) . HGT could also be invoked as an explanation for paraphyly. Phototrophic proteobacteria (purple bacteria) so far examined possess photosynthetic gene clusters that might readily be transferred in and among other proteobacteria (Naylor et al. 1999; Igarashi et al. 2001) . Such large gene clusters may signify regions of DNA that are subject to horizontal transfer (Lawrence 1999) . However, with the exceptions of the purple bacteria and the heliobacteria (Xiong et al. 1998) , in all other known examples the genes that code for proteins that are involved in photosynthesis are widely dispersed over the entire genome. Chlorobium tepidum and other GSB have long remained enigmatic, both with respect to their relationship with other bacteria-typified by long branch lengths separating this phylum from others on 16S rRNA trees (Maidak et al. 2001 )-and to other phototrophs, as they have very primitive, homodimeric reaction centres and a peripheral antenna complex known as a chlorosome. The cyanobacteria represent the fifth bacterial photosynthetic lineage and, along with the GSB, are a phylum comprised entirely of phototrophs. The cyanobacteria have been of substantial interest not only for the environmental metamorphosis triggered by oxygenic photosynthesis 2.5 billion years ago, but also for their essential role as primary producers and regulators in global carbon cycling (Rye & Holland 1998; Des Marais 2000) .
The common photosynthetic components of these organisms-reaction centres, antenna systems and Mgtetrapyrrole pigments-have evolutionary histories that belie the story told by 16S rRNA (Xiong et al. 2000; Xiong & Bauer 2002) . The purple bacteria and green filamentous bacteria (Chloroflexus) share homologous quinone-type, or type II, reaction centres and core antennas, but differ completely in their peripheral light harvesting systems. The heliobacteria (Heliobacillus) and GSB have homodimeric type I reaction centres, typified by FeS centres functioning in light-driven charge separation. While the heliobacteria have no extrinsic light harvesting systems, the GSB possess the novel Fenna-MatthewsOlsen (FMO) protein and a light harvesting chlorosome structure similar to that found in C. aurantiacus. These four phyla use different modifications of bacteriochlorophyll as the primary photoactive pigment. With regard to the complexity of their photosynthetic apparatus and evident in their diversity, cyanobacteria represent the pinnacle of bacterial phototrophy. They have evolved the ability to produce chlorophyll in lieu of bacteriochlorophyll, an adaptation energetically required to be able to oxidize water to molecular O 2 (Blankenship & Hartman 1998) . They possess both type I and type II reaction centres, although the primary sequence evolution that has taken place from their anoxygenic homologues has been substantial. Their light-gathering phycobilisomes utilize a haem-derived pigment and bear no resemblance to any light harvesting structures found in other bacteria. These irregular similarities and novel differences have obfuscated attempts to explain the evolution of photosynthesis in terms of the proposed origin and diversification of phototrophic lineages. Whole genome analyses, bolstered by the influx of data from genome sequencing projects, have stimulated provocative new ideas on the evolution of prokaryotes, in many cases overwhelmingly demonstrating the substantive role that HGT has played (Aravind et al. 1998; Doolittle 1999; Gogarten & Olendzenski 1999; Boucher et al. 2001; . Recently, whole genome data have become available for members of each of the five phototrophic phyla, and we have undertaken an extensive analysis of orthologous sequences from representative organisms of each phylum. The five representative species analysed were the firmicute Heliobacillus mobilis, the green filamentous bacterium C. aurantiacus, the cyanobacterium Synechocystis PCC6803, GSB Chorobium tepidum, and the a-proteobacterium Rhodobacter capsulatus. Here, we describe the comparison of orthologous genes from the complete or near-complete genomes from these five organisms. Rather than support- ing a single phylogeny, as might be expected if these organisms had evolved from a common ancestor through vertical descent with modification, orthologous genes analysed by phylogenetic methods support the notion that HGT has been integral to the evolution of photosynthetic prokaryotes and that core genetic elements of the photosynthetic apparatus have been among these laterally transferred genes.
WHOLE GENOME ANALYSIS: ORTHOLOGUE SELECTION
The basic analytical method we have used is to identify all orthologous genes that are shared in at least four of the five genomes being analysed and then to establish their interrelationships using tools of phylogenetic inference. The first step of the analysis is the selection of orthologous protein sequences for comparison, which must be distinguished from paralogous and non-homologous sequences so that accurate phylogenies are inferred. This is achieved by performing genome-versus-genome Blast comparisons for all possible pairs of organisms (see Appendix A for details). All putative orthologues must also have Blast expectation values below a preset threshold. Datasets are then compiled from sequences that are reciprocal top-scoring Blast hits across all of the genomes being compared. Therefore, to be included in a dataset for subsequent alignment and phylogenetic analysis, a given sequence must select every other sequence from that dataset as a top-scoring Blast hit.
These methods minimize the number of false positives (paralogous or non-homologous genes), which can skew the results of phylogenetic analysis (for methodology, application and further discussion, see Appendix A; also Tatusov et al. 1997; Gogarten & Olendzenski 1999; . Perhaps not surprisingly, the number of orthologues present in all five genomes that fulfil the stringent selection criterion described above is only 188, representing only 5-10% of the genes from these genomes. However, these orthologues represent highly conserved genes with unambiguous homology to one another, and therefore should provide the best phylogenetic signal available for comparison of these genomes. Here, we use an ML method to compare orthologues from these five organisms taken four at a time, thereby allowing the inclusion of genes missing in one of the five genomes and increasing the total number of orthologues compared to 527. Specific results on the 188 orthologues found strictly in all five genomes are presented elsewhere (Raymond et al. 2002) . Figure 1 shows a Venn diagram of the possible combinations of five genomes and number of orthologues compared for each combination, and illustrates the advantage of analysing only four genomes at a time versus five genomes. In those instances where only one of the genomes is missing a particular orthologue, the other orthologues can still be analysed with respect to their phylogenetic relationship, thereby increasing the number of analysed orthologues.
WHOLE GENOME ANALYSIS: ML MAPPING
Utilizing ML mapping as developed by Strimmer & von Haeseler (1997) , posterior probabilities of each of the three possible tree topologies for individual aligned sets of orthologues were plotted as points in a barycentric coordinate system, whose coordinates are specified as posterior probabilities for each of the three unrooted tree topologies possible for a four taxa phylogenetic tree. On these socalled ML maps, points representing orthologues with higher relative support for a specific tree topology are located closer to that particular vertex of the triangle, while orthologues without preference for a particular topology map near the centre of the triangle (for additional methodology see . This method provides a visual way to assess simultaneously the statistical strength and most likely topology for a large number of orthologues, but restricts the number of taxa compared to four. Thus, we have carried out ML mapping for all five possible combinations of four of the five genomes compared here. The reliability of this technique for detecting close phylogenetic relationships between genomes is demonstrated when two organisms known to be closely related (for example the purple photosynthetic proteobacteria R. Phil. Trans. R. Soc. Lond. B (2003) capsulatus and Rhodopseudomonas palustris shown in figure 2) are included. This produces the expected result that nearly all the genes analysed strongly support the tree grouping these two organisms as sister taxa. Most of the points in figure 2 map close to or at the apex of the ML map, representing genes that support that particular tree above 99% posterior probability and indicating a wellresolved topology for those genes.
In stark contrast to figure 2, the five different ML maps for four genomes show a distinct lack of unanimous support for a single topology, even though the majority of individual sets of orthologues have strong posterior probability support. Plurality support is observed for phylogenies clustering Rhodobacter and Chlorobium against either Synechocystis, Chloroflexus or Heliobacillus (figures 3-5). In ML maps where either Rhodobacter or Chlorobium is omitted from the analysis, the three possible topologies receive nearly equal support (figures 6 and 7). While these plurality signatures are small, they appear consistently in the different ML maps and indicate either a close relationship between Rhodobacter and Chlorobium, or perhaps a less resolved but closer relationship between Synechocystis, Heliobacillus and Chloroflexus. While still not completely settled, additional data (discussed below) appear to support the latter hypothesis. Despite the noted plurality signatures, the overwhelming picture from these ML maps indicates that highly conserved genes have complex evolutionary histories, often inconsistent with relationships predicted from 16S-based organismal phylogeny.
Additionally, sets of orthologues were stratified by their putative functional assignments based on COG categories (Tatusov et al. 1997 (Tatusov et al. , 2000 . The distribution of genes among functional categories and number of genes in support of the plurality topology for each of the five ML maps are shown in figure 8. It has been argued that highly interacting genes functioning, for example, in information processing are refractory to HGT and should, as a subset, show preference for a single topology ( Jain et al. 1999; Woese 2000) . However, this trend is not observed when segregating genes in different functional categories by most probable topology. The lack of consensus support for a single topology among these nearly 527 often highly conserved sets of orthologues verifies that the genomes of these organisms are mosaics of genes with often substantially different evolutionary histories. This contradicts what would be observed if these genomes had evolved strictly through vertical descent, and indicates that substantial lateral transfer of genetic information has occurred among these organisms.
DISCUSSION
Evidence from even the earliest analyses of complete prokaryote genomes hinted at a remarkable amount of lateral transfer (Aravind et al. 1998) . Recent work has shown that even organisms virtually indistinguishable on the basis of rRNA sequences have undergone significant evolution on the genomic scale (Bergthorsson & Ochman 1998; Boucher et al. 2001; Perna et al. 2001) . While the representative organisms compared here share photosynthesis as a common thread, many key components of the photosynthetic machinery, especially reaction centre proteins and light harvesting antenna systems, are widely divergent and therefore not suitable for wide-scale phylogenetic reconstructions. This apparently chimeric composition of these organisms has confounded various attempts to reconcile the evolution of photosynthesis with inferred speciation events.
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The plurality signature observed in figures 3-5 might result from two distinct causes. The first is that, in addition to extensive HGT evident between prokaryotes, a subset of two or more of the phototrophs compared here may more frequently exchange genes with one another, Figure 8 . Distributions of genes among functional categories for the plurality topologies from figures 3-7. Functional categories (columns) are shown for well-resolved cases receiving greater than 99% posterior probability support, and are given according to the COG database (Tatusov et al. 1997 (Tatusov et al. , 2000 .
for example by virtue of a shared environment. Different genera of these five lineages often inhabit hot springs, and such a close association, for example in bacterial mats composed of Chloroflexus-like strains underneath a layer of thermophilic cyanobacteria, could dramatically increase the probability of HGT. Additionally, recent studies of phototrophic consortia (Overmann & Schubert 2002) have illustrated an epibiontic relationship between GSB and proteobacteria, and such juxtaposed microenvironments would strongly facilitate exchange of genetic material. On the basis of branch lengths and estimated distances from protein sequence data (Raymond et al. 2002) , the association between Chlorobium tepidum and R. capsulatus appears to be primarily a consequence of relative similarity of Synechocystis, Chloroflexus and Heliobacillus, indicating that Chlorobium and Rhodobacter are grouped by exclusion rather than by affinity. However, the consistent clustering but relatively long branch lengths found between Chlorobium and Rhodobacter may result from using taxa that are more distant phylogenetic cousins to symbiotically interacting species that have frequently exchanged genes, as would be consistent with the observations by Overmann & Schubert (2002) ; so this issue is still unresolved. The second possible explanation for the plurality signature is that it represents a subset of genes that have not been subject to HGT, a putative 'core' of genes that have been inherited through vertical descent and speciation (for discussion see Olendzenski 1999 and Nesbo et al. 2001) . While it is interesting to note that the plurality topology is consistent with rDNA analysis from these organisms (Maidak et al. 2001) , COG categorization of these plurality genes indicates a diverse range of functions not limited to informational genes, contradictory to postulates by Jain et al. (1999) and Woese (2000) . Furthermore, this phylogeny is also at variance with those of the chlorophyll biosynthetic pathway (Xiong et al. 2000) , which consistently group Chlorobium with Chloroflexus. Additionally, many informational genes support alternative topologies, so at the very least the notion of which genes are more amenable or recalcitrant to HGT must be refined. Compelling arguments have been made recently that even highly conserved informational genes, such as rDNA, are not necessarily immune to lateral gene transfer (Asai et al. 1999; Yap et al. 1999 ). It has long been shown that func- Phil. Trans. R. Soc. Lond. B (2003) tional ribosomes can be reconstituted from parts taken from different organisms (Nomura et al. 1968; Bellemare et al. 1973; Daya-Grosjean et al. 1973; Wrede & Erdmann 1973) . Even if the plurality signature does represent a core of vertically transferred genes, the extent of genes with incongruent evolutionary histories must be taken into consideration when extrapolating single-gene analyses to infer, for example, evolutionary relationships between prokaryotes or to estimate environmental metabolic diversity.
From this evidence, what, then, can be said about the origin and distribution of photosynthesis, or, more specifically, where are photosynthesis genes in these maps? Unfortunately, only a small number of genes that are explicitly involved with phototrophy are retained by our orthologue selection criteria. The dichotomous nature of reaction centre genes and light harvesting systems, present only in limited subsets of these five phototrophs, results in all these genes being filtered out of our analysis. However, several pigment biosynthesis genes are present in our sets of orthologues, and almost all support the analysis of Xiong et al. (2000) in indicating a close relationship in the bacteriochlorophyll synthesis pathways of Chloroflexus and Chlorobium. Moreover, the small number of photosynthesis related genes retained by our orthologue selection criterion support the notion of extensive gene recruitment during their evolution. For example, many components of chlorophyll biosynthesis are filtered out because of their paralogous origins in part from nitrogen fixation and cobalamin biosynthesis pathways (Xiong et al. 2000) . This analysis serves more appropriately as a preliminary map of the evolutionary histories of highly conserved orthologues from these genomes, to which future analyses of individual photosynthetic genes can be compared in an attempt to understand which genes have been horizontally transferred among which organisms, if groups of genes-perhaps clustered in operons-have been subject to simultaneous HGT, and possibly to gain insight into the timing of these complex evolutionary events.
Here, we illustrate that lateral transfer among photosynthetic bacteria has been both frequent and extensive, resulting in mosaic evolutionary histories within their genomes. The difference between the plurality consensus and the phylogenies of key photosynthetic enzymes indicates that portions of the genetic components of photosynthesis have been laterally transferred, perhaps multiple times across different lineages, and subsequently refined during the evolution of these species. In light of the demonstrated propensity for lateral transfer among these groups, we propose that horizontal gene flow emerges as the most plausible explanation for the current distribution of bacterial phototrophy. This result stands to reconcile the multiple lines of typically disparate phylogenetic evidence that have been invoked in recent years to explain the evolution and subsequent distribution of photosynthesis, and substantiates the extensive role that horizontal gene flow has played, even in the transfer of complex metabolic pathways, during the early evolution of prokaryotes.
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APPENDIX A: METHODS
For Synechocystis PCC 6803 and R. capsulatus, annotated protein coding gene Fasta-formatted files were downloaded from the NCBI website (www.ncbi.nlm. nih.gov/) and the Integrated Genomics ERGO (ergo. integratedgenomics.com/ergo) website, respectively. Preliminary C. aurantiacus coding sequence translations based on the most recently released contig assembly (as of 26 May 2001) were downloaded from the Oak Ridge National Laboratory Computational Biology site (genome. ornl.gov/microbial/caur/). The complete nucleotide genome sequences for Chlorobium tepidum and H. mobilis were downloaded from TIGR (www.tigr.org) and from Integrated Genomics, respectively, and translated into all six possible ORFs (here used interchangeably with 'gene' with the understanding that this assignment is still putative) greater than 50 amino-acid residues in length, not allowing ORFs to overlap for more than 60 nucleotide bases. While many artefacts are expected from this ORF identification, these are filtered in the course of analysis by the criteria used for orthologue selection. For each ORF in all five genomes, Blast searches were performed with an E-value cutoff of 10 24 using the stand-alone Blast software package (Altschul et al. 1990) . Reciprocal match orthologues, referred to herein as orthologues, are operationally defined as ORFs from two genomes that are each other's top scoring Blast hits. Reciprocal match orthologues were extended to multiple genomes, so that each possible pair of ORFs from a given set must fulfil the reciprocal top-scoring-hit relationship. Quartets of orthologues were detected using Structured Query Language queries through the MySql, v. 3.23 database (http://www. mysql.com) and also using scripts written in Perl. Multiple sequence alignments of orthologues were carried out using ClustalW and further refined manually. TreePuzzle, v. 5.0 (Schmidt et al. 2002) was used for ML analysis, using the auto-detection of the substitution model. BioEdit (Hall 1999 ), Mega2 (Kumar et al. 1994) Phil. Trans. R. Soc. Lond. B (2003) and various programs within the Phylip software package (Felsenstein 1989) (v. 3.6 ) were used to edit sequences and infer distance-based trees. Programs used for gene recovery and automated analyses were written primarily in Perl utilizing scripts from the Seals package (Walker & Koonin 1997) . Modules from the BioPerl package were implemented and some programs were written using the Java Pal library (Drummond & Strimmer 2001) .
